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Abstract   
Under two future hypothetical climate policies and assuming the wide-scale availability of cost-effective carbon dioxide capture 
and storage (CCS) technologies, the emergence of a domestic U.S. oil shale or coal-to-liquids (CTL) industry would likely be 
responsible for significant increases in carbon dioxide (CO2) emissions to the atmosphere.  The oil shale production facilities 
required to produce 3MMB/d from the Ecocene Green River formation using an in situ retorting process would result in net 
emissions to the atmosphere of between 3000–7000 MtCO2, in addition to storing potentially 900–5000 MtCO2 in regional deep 
geologic formations in the period up to 2050. A similarly sized, but geographically more dispersed domestic CTL industry could 
result in 4000–5000 MtCO2 emitted to the atmosphere, in addition to potentially 21,000–22,000 MtCO2 stored in regional deep 
geologic formations over the same period up to 2050. Preliminary analysis of regional CO2 storage capacity in locations where 
such facilities might be sited indicates that there appears to be sufficient storage capacity, primarily in deep saline formations, to 
accommodate the CO2 from these industries. 
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1. Introduction 
The significant increase in the real price of oil, which began in 2003–2004, as well as broader geopolitical 
developments has renewed interest in the production of domestic unconventional heavy hydrocarbon resources as a 
means to reduce the United State’s dependence on imported oil. For the U.S., the two largest heavy hydrocarbon 
resources are oil shale and coal (via coal-to-liquid technologies [CTL]).  The oil shale resource in the U.S. is estimated 
at approximately 1 trillion barrels of oil while the nation’s large coal reserves could potentially produce 750 billion 
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barrels of oil [1]. The potential liquid fuel production of these two domestic resources is equivalent to literally hundreds 
of years of U.S. oil consumption. In their analysis of a number of global-reference (i.e., no climate policy exists) 
future-energy projections taken from the Intergovernmental Panel on Climate Change’s  (IPCC) SRES scenarios, 
Brandt and Farrell [2] conclude that all these potential futures imply a world that will need to move beyond 
conventional oil resources and into various grades of unconventional fuels during the course of this century. Edmonds 
et al. [3] concur that conventional oil resources will require augmentation this century; however, they also show that the 
imposition of climate policy can have a profound impact on which fuels are used and, in particular, the extent to which 
it is economic to access unconventional heavy hydrocarbons in a greenhouse-gas-constrained world. This paper 
examines the impact of future climate policy on the production of heavy hydrocarbons and the greenhouse gas 
emissions resulting from these facilities. While the potential to produce liquid fuels from oil shale and coal is immense 
and a clear need exists to augment conventional sources of oil at some point in this century, current production of 
transport fuels from these unconventional hydrocarbon resources in the United States is nonexistent [3, 5, 1], though 
several projects are in the planning stages. Given this low starting point, hypothesizing a growth trajectory for the 
build-out of these two unconventional fuel industries is necessary. Here, we adopt an assumption that these industries 
individually reach a scale of approximately 3 MMB/d by 2050, which is consistent with projections made by others 
of what could be achieved by mid-century (see for example The Southern States Energy Board [1], Task Force on 
Strategic Unconventional Fuels [6], and Bunning [7]). 
 
2. Ramping up Domestic Oil Shale Production to 3 MMB/d by 2050 
Approximately 75% of the high-grade oil shale resource within the United States occurs within the Eocene Green 
River formation of Colorado, Utah, and Wyoming. This region is also where industry is focusing its early pilot 
projects and field demonstrations for various production methods. For the purposes of this analysis, we model the in 
situ retorting conversion being developed by Shell because this process appears to be particularly well suited to the 
oil shale deposits in this region. This in situ retorting process uses electric heaters placed deep within the oil shale 
deposit to slowly heat it to a temperature between 650 and 700 degrees F [8], converting the kerogen into light 
hydrocarbons and gas that can then be refined into a variety of products. This slow heating process is expected to 
yield higher quality oil products that should require less surface processing [6]. 
 
We model the production of oil shale in this region as a series of large 0.5 MMB/d facilities that come on line 
sequentially as the industry builds out to eventually reach the target of 3 MMB/d by 2050. Energy requirements for 
down-hole heating of oil shale by electric heaters are estimated at about 250 to 300 kWh per barrel of extracted 
product [9]. Based on this, for each of the 0.5 MMB/d projects, some 6 gigawatts (GW) of dedicated electric 
generation capacity will be required to power the heaters. Given this larger electricity load (e.g., 20GW of dedicated 
capacity by 2020 and nearly 40GW by 2050) in this particular region of the United States, which is endowed with 
large high-quality coal resources, we assume that the electricity is produced by state-of-the-art coal fueled integrated 
gasification combined cycle (IGCC) power systems built to meet this new large electric load. We further assume 
that if and when the carbon permit price is high enough, these generation units will employ carbon dioxide capture 
and storage (CCS) technologies to reduce their otherwise large carbon dioxide (CO2) emissions to the atmosphere. 
 
In the advanced in situ retorting process, approximately two-thirds of the recovered product is a light oil (48° 
API), with the remainder a natural gas combination [9]. To produce a saleable natural gas stream, the produced 
natural gas must be cleaned up to typical pipeline-quality specifications. In the process, CO2 contained in the gas 
stream will be removed as a high-purity stream. Upgrading of the liquid product is required via hydro-treating to 
produce high-quality liquid fuels. At this time, this process is estimated to result in a more dilute and, therefore, 
more expensive to capture CO2 stream.  
 
Table 1 shows how the potential size and cost of capturing CO2 across these various emissions streams varies 
significantly for the modelled oil shale production process. The vast majority of CO2 emissions associated with the 
in situ oil shale production come from the generation of electricity. The second largest CO2 stream is attributable to 
the high purity CO2 stream that comes from the cleanup operations of the co-produced gas. In all cases, we assume, 
as did IPCC [10], that while it might be technically possible to capture nearly all CO2 in a given process stream—in 
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reality, for those CO2 streams that are amenable to CO2 separation, it will be economic to capture 90% of the CO2 
with 10% vented to the atmosphere (hereafter, the later will be referred to as “uneconomic to capture”). 
 
Table 1.  Characteristics for each 0.5 MMB/D of Oil Shale Production Capacity: CO2 Streams and Estimated 
Cost of Employing Carbon Dioxide Capture and Storage Technologies (U.S. Dollars per ton of CO2) 
 
 
In a world without a climate policy, it is assumed that these oil shale facilities would vent their CO2 to the 
atmosphere.  Under the assumptions outlined above and in particular the assumption of coal-fired electricity 
production, CO2 emissions from this industry would exceed 100 MtCO2/year by 2020 and would reach 
approximately 350 MtCO2/year by 2050.  Cumulative emissions to 2050 would be on the order of 8,000 MtCO2.4 
 
 
3. Ramping up Domestic CTL Production to 3 MMB/d by 2050 
The other alternative examined here for producing significant quantities of domestic transportation fuels relies on 
the widespread deployment of CTL plants. Here, we model a conventional once-through coal-to-liquids plant that is 
optimized to produce transportation fuels.5 A simple diagram of the carbon balance and output CO2 streams is 
shown as Figure 1. The vast majority of this CO2 exits the plant in a concentrated and pressurized form, having left 
the gas treatment units.  The CO2 is in a form that requires little extra processing other than some additional 
 
 
 
 
MtCO2 
/yr 
Cost of CO2 Capture 
and Compression 
for Transport via 
Pipeline2
Cost of CO2 
Transport and 
Storage in a Deep 
Geologic 
Formation3
Total Cost of 
Employing CCS for 
Each Major CO2 
Stream 
High-Purity CO2 
Stream Associated 
with Gas Cleanup 
6.2 $6.00 $5.00 $11.00 
High-Purity CO2 
Stream from IGCC 
Power Plants 
42 $23.00 $5.00 $28.00 
Uneconomic to 
Capture CO2 from 
IGCC Power Plant 
5.4 n/a n/a n/a 
Low-Purity / 
Dispersed CO2 
Associated with Oil 
Upgrading Processes 
1.6 $50.00 $5.00 $55.00 
Uneconomic to 
Capture CO2 from Oil 
Upgrading Processes 
.17 n/a n/a n/a 
2 CO2 capture costs from IPCC 2005. 
3 Based upon our previous work modelling CCS deployment across the U.S., we believe that $5/tonCO2 is a conservative (i.e., low) estimate of 
the cost of transporting, injecting, storing, measuring, monitoring and verifying CO2 in deep geologic structures [13]. 
4 While space limitations will not allow for a full treatment of alternative power scenarios if natural gas (NGCC) fired units were used to generate 
the electricity as opposed to coal-fired units, there would still be substantial CO2 emissions; cumulative emissions would be 4,400 MtCO2 by 
2050 and annual emissions in 2050 would be on the order of 190 MtCO2/year. 
5 A large variety of CTL process configurations are possible, designed to operate with various feedstocks, with and without recycle around the 
Fischer-Tropsch reactor, and optimized for varying product output ratios.  In the selected once-through configuration, electricity generation is 
scaled primarily to meet the needs of the CTL plant as opposed to alternative configurations that would produce less liquid fuels in order to 
generate electricity which could be sold to the grid. 
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compression for pipeline transport.6 The other major CO2 stream exits the combustion turbine, which burns the tail 
gas to produce electricity. This stream is dilute and at a much lower pressure, necessitating much more complex and 
costly separation requirements. Again, we assume that 90% of the CO2 output form the combustion turbine would 
be economic to capture (at a sufficiently high carbon price) with the remainder being vented to the atmosphere. 
 
 12% as Low Purity CO2 from   
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Tail Gas Combustion Turbine Exhaust 
8% to Naphtha
26% to Middle Distillates 
(Diesel) 
54% as High Purity CO2 
Coal to CTL Plant 
Figure 1.  Overview of fate of the carbon contained in coal fed to a CTL plant. 
 
The feedstocks and configurations of CTL processes can vary significantly, and will accept all types of coal. The 
main differences between the various coals are the heating value and carbon content, which determine the required 
feed rate of coal into the gasifier. However, the total carbon throughput and resulting emissions profile remains quite 
consistent across the major coals likely to be used in a large domestic U.S. CTL industry. Therefore, a total carbon 
throughput of 31,900 short tons of CO2 per day was applied in this analysis to assess the CO2 footprint of a typical 
20,000 B/d CTL plant using any of these coal feedstocks. Note, however, that while 20,000 B/d may be 
representative of nearer-term CTL plant capacities, the CO2 footprint of larger facilities would be expected to scale 
with output. Thus, an 80,000 B/d CTL plant would produce roughly four times the CO2 as a 20,000 B/d plant. For 
the purposes of modelling, this CTL industry is assumed to be spread across three major coal producing regions: 1) 
the Powder River Basin, 2) the Illinois Basin, and 3) the Gulf Coast Basin. To facilitate comparisons with Table 1, 
Table 2 shows the emissions and cost of CO2 capture for a cluster of CTL plants that would, in total, represent 0.5 
MMB/D of capacity. 
 
As seen in Table 2, the CTL process is considerably more carbon intensive than even the oil shale process. In the 
absence of a climate policy, a CTL industry, such as outlined above, would have annual emissions of more than 300 
MtCO2/year by 2020 and 1100 MtCO2/year by 2050. Cumulative emissions to 2050 from this CTL industry in a 
future with no greenhouse gas constraints would be on the order of 26,000 MtCO2. 
 
 
6 This is a key difference between the CTL process and the IGCC power process and their associated marginal cost of CO2 capture and 
compression.  Base IGCC power plants (which would not capture CO2) would not separate the CO2 from the syngas prior to the combustion 
turbine, and therefore would require significant added costs to enable CO2 capture.  However, the Fischer-Tropsch reactor of the CTL process 
requires that CO2 be removed from the syngas, even without constraints on CO2 emissions, and, therefore, the cost of separation would already be 
included in a typical base CTL plant, resulting in a much lower marginal cost of capture and compression. 
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Table 2.  Characteristics of 0.5 MMB/D of Coal-to-Liquids Production Capacity: CO2 Streams and 
Estimated Cost of Employing CCS Technologies (U.S. Dollars per ton of CO2) 
 
MtCO2 
/yr 
Cost of CO2 Capture 
and Compression 
for Transport via 
Pipeline 
Cost of CO2 
Transport and 
Storage in a Deep 
Geologic Formation 
Total Cost of 
Employing CCS for 
Each Major CO2 
Stream 
High-Purity CO2 Stream 150 $6.00 $5.00 $11.00 
Low-Purity CO2 Stream 
from Combustion of Tail 
Gas to Generate Electric 
Power 
30 $53.00 $5.00 $58.00 
Uneconomic to Capture 
CO2 from Tail Gas 
Combustion 
3.4 n/a n/a n/a 
 
 
4. Impact from Imposing a Climate Policy 
For the purposes of this analysis, the evaluation of hypothetical future climate policies is necessary to assess the 
impact that these industries might have on the climate and to assess how these policies might impact the 
development of these two unconventional fuels production industries–including the potential adoption of CCS 
technologies. The two hypothetical emission reduction policies considered here are defined as follows. Carbon 
Permit Price Path 1 (CP1) assumes that a hypothetical carbon price is applied uniformly across the economy 
beginning in 2015 at $12/ton CO2, rising in real terms at 2.5% per year, reaching $24/ton CO2 in 2050. The Carbon 
Permit Price Path 2 (CP2) scenario assumes the same starting price of $12/ton CO2 in 2015 but escalates at a higher 
5% per year (reaching $66/ton CO2 in 2050). These two hypothetical policies bound the price signals of many of the 
climate proposals actively being considered in the U.S. Congress [11], and, therefore, can help illuminate issues that 
might arise within the United States by mid-century. 
 
Given the significant disparity in the cost of employing CCS technologies to these various CO2 streams 
associated with the oil shale and CTL production, examining how CCS technologies might deploy over time is 
instructive.  The key economic decision that dictates when and under what conditions CCS technologies should be 
adopted centers on the relative price of emissions permits compared to the cost associated with CCS. That is, if the 
CO2 permit price is higher than the total cost of employing CCS for any CO2 stream, employing CCS technologies 
on that stream is economically sensible. If the price of CO2 permits is lower than the total cost of employing CCS 
for a particular CO2 stream, the economic decision would be to vent the CO2 to the atmosphere. The CO2 permit 
price being lower than that particular cost of employing CCS is a signal that lower cost abatement options are still 
available in other sectors of the economy. 
 
Figure 2 illustrates how this criterion would drive decisions for the deployment of CCS technologies in the CP1 
and CP2 cases for the hypothesized oil shale and CTL industries.  
  
4.1. Oil Shale: Emissions and Demand for Storage 
As can be clearly seen from the bottom panes of Figure 2, the more stringent CP2 case results in more rapid and 
extensive deployment of CCS technologies by the oil shale industry, leading to significantly lower emissions to the 
atmosphere compared to the CP1 case. For the oil shale industry, the cost of capturing and storing the high-purity 
CO2 process streams (assumed to be $11/tonCO2) is lower than the assumed starting price for CO2 permits of 
$12/ton CO2 in 2015; therefore, CCS technologies are applied to that CO2 stream from the outset of production and 
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it is not vented to the atmosphere. However, the other large, more dilute CO2 streams associated with the oil shale 
production are impacted quite differently by the two CO2 permit cases. In the less stringent CP1 case, the CO2 
permit price in 2050 never exceeds the cost of capture from the IGCC power plants, nor is it high enough to justify 
the cost of employing CCS to capture the CO2 emissions associated with the oil upgrading processes. Therefore, the 
economic decision would be to continue to vent those CO2 process streams to the atmosphere. Alternatively, in the 
CP2 case, the cost of CO2 permits rises much more rapidly, and it becomes economic to capture the CO2 from the 
IGCC units around 2030 and to even begin capturing the CO2 from the oil upgrading processes prior to 2050. Across 
the CP1 and CP2 climate policies, the oil shale production facilities required to produce 3MMB/d by 2050 would 
result in net emissions to the atmosphere of 3000–7000 MtCO2 in addition to storing potentially 900–5000 MtCO2 
in regional deep geologic formations in the period up to 2050. 
 
Figure 2.  Fate of CO2 from Modelled Oil Shale Production (bottom) and CTL Production (top) under the CP1 (left-hand panel) and CP2 (right-
hand panel) climate policies. Values above the X-axis representing emissions to the atmosphere while values below the X-axis representing 
storage in deep geologic reservoirs, in cumulative MtCO2. 
4.2. CTL: Emissions and Demand for Storage 
For CTL, the cost of capturing the large-high purity CO2 stream is less than the starting price for CO2 permits in 
both the CP1 and CP2 cases; therefore, it is economic to employ CCS on that portion of these facilities’ emissions 
from the start of the emissions control policy in 2015. Conversely, the cost of capturing the dilute CO2 stream from 
4230 J.J. Dooley, R.T. Dahowski / Energy Procedia 1 (2009) 4225–4232
 Author name / Energy Procedia 00 (2008) 000–000 7 
the combustion of the tail gas is only exceeded in the last few years before 2050 and only under the CP2 case. 
Therefore, it is only in under the CP2 case and only for the last few years of the analysis period where it makes 
economic sense to employ CCS to reduce emissions from this aspect of the CTL production process. The domestic 
CTL industry modeled here could result in 4000–5000 MtCO2 emitted to the atmosphere, in addition to potentially 
21,000–22,000 MtCO2 stored in regional deep geologic formations over the same period up to 2050. 
 
5. Incremental Climate Compliance Costs 
Lastly, we briefly examine the incremental (above and beyond the basic production process) costs associated 
with complying with the hypothetical CP1 and CP2 climate policy cases. Figure 3 shows the cost of compliance 
under these scenarios for the CTL production system modeled here. In addition to the costs of capture, transport, and 
storage outlined above in Table 2, it is necessary to charge the prevailing carbon permit fee for all CO2 that is vented 
to the atmosphere. Because that carbon permit fee is rising with time (a requirement for stabilizing atmospheric 
concentrations of greenhouse gases (see Wigley, Richels and Edmonds [12]), the incremental cost (here shown as a 
cost per barrel of product produced) increases with time.7  Thus, absent continued technological improvements in 
the underlying CTL production process, the cost of CTL-produced fuels would likely rise with time, thereby making 
alternatives (e.g., biofuels or electric vehicles) more competitive.  
 
 
  Incremental cost of producing CTL-based transport fuels under CP1 (left-hand panel) and CP2 (right-hand panel) climate policies 
($/bbl) 
6. Conclusion
 
Figure 3.
s 
The potential development of unconventional fuels production in the United States would result in significant 
increase in CO2 emissions under the range of climate policy scenarios modelled here. These industries also face a 
number of additional challenges (e.g., water needs) that have not been examined here. However, the resulting 
potential quantities of pipeline-quality CO2 needing to be disposed of in deep geologic formations appear to be 
within the preliminary estimates of available storage capacity of these select production regions.8  Yet, the 
 
 
7 This same degradation in the cost competitiveness of these fuels is also seen for the oil shale case. For the oil shale case examined here that 
utilizes IGCC and or IGCC+CCS units to produce the needed electricity, the climate compliance costs increase from approximately $4 to $7 per 
bbl over the period 2015 to 2050 under the CP1 case.  In the CP2 case, these costs increase from approximately $4 to $9 per bbl over the period 
2015-2050. 
8 Based on comparison of storage requirements over this time frame with estimates of available geologic CO2 storage capacity in these regions 
(see Dahowski et al [13]).  
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